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AN INVESTIGATION OF HEAT TRANSFEZ W I T H I N  REGIONS 

OF SEPARATED now AT A MACH NUMBER OF 6.0 

By Paul F. Holloway, James R. S te r re t t ,  
and Helen S. Creekmore 

LEtngley Research Center 

An extensive systematic investigation of the  heat t r ans fe r  associated wlth 
1 regions of laminar, t rans i t iona l ,  and turbulent separation has been conducted 

on sharp- and blunt-leading-edge f la t  p la tes  at a Mach number of 6.0 over a 
free-stream uni t  Reynolds number range of approximately 1 x lo6 t o  8 x lo6 per 
foot.  Separated regions were forced by forward- and rearward-facing steps, and 
by loo, 20°, 30°, and 40° wedges located i n  several  longitudinal posit ions on 
the  p la te .  

It has been shown t h a t  upon proper c lass i f ica t ion  of the several  types of 
separated flow, the t rends of t h e  heating r a t e s  within the regions of separa- 
t i o n  may be characterized by typ ica l  d i s t r ibu t ions  which a re  essent ia l ly  inde- 
pendent of the  model geometry (except t o  the  extent t h a t  the  model-geometry 
var ia t ions a f f ec t  t he  locat ion of t r ans i t i on ) .  
i n  the separation region i s  less than o r  greater  than t h a t  on the f ia t  p l a t e  
without separation f o r  t h e  case of pure laminar o r  turbulent separation, 
respectively . 

I n  par t icular ,  the  loca l  heating 

Methods a r e  not avai lable  which can give a complete explanation of the 
mechanism of separation and the  resu l t ing  e f f ec t s  on many of the  important aero- 
dynamic parameters such a s  heat t ransfer .  However, it has been shown t h a t  care- 
f u l  c lass i f ica t ion  of the  type of separation and application of exis t ing methods 
of prediction w i l l  y ie ld  reasonable predictions of t he  magnitudes and trends of 
many of the  important heat- t ransfer  parameters i n  the  separation region and on 
the  surface of t he  wedges placed on the  f l a t  p la te .  

INTRODUCTION 

Boundary-layer separation i s  a common phenomenon i n  aerodynamics t h a t  w i l l  
occur on any surface where the  pressure r i s e  and pressure gradient a r e  suf f i -  
c ien t ly  large.  The importance of t h i s  phenomenon has long been recognized and 
r e s u l t s  o f  many theore t ica l  and experimental investigations of t h e  problem a re  
available i n  the  l i t e r a t u r e .  (See, f o r  example, re fs .  1 t o  13. )  The complexity 
of the  separation flow f i e l d  has, however, prevented a complete solution t o  the  



problem of predict ion of separation e f f e c t s  on t h e  various aerodynamic param- 
eters. The importance of t he  problem has been increased by t h e  current i n t e r e s t  
i n  flares and control  surfaces f o r  s t a b i l i z a t i o n  and aerodynamic control of 
various f l i g h t  configurations at  hypersonic speeds. 

The importance of t r a n s i t i o n  on the  behavior of parameters within a sepa- 

(1) pure laminar, (2)  t r ans i -  
r a t ion  region has been recognized (see ref. 3 )  and has l e d  t o  the  c lass i f ica-  
t i o n  of regions of separation i n t o  three  types: 
t iona l ,  and ( 3 )  turbulent .  
t r a n s f e r  are not as w e l l  documented as those on pressure dis t r ibut ions,  par t ic -  
u l a r l y  at high supersonic and hypersonic speeds. The experimental laminar heat- 
t r ans fe r  results of references 14 and 15 have agreed very w e l l  with Chapman's 
predict ion of t h e  average heat t r ans fe r  i n  a region of laminar separated flow 
( r e f .  16). 
i t i e s  f o r  t h e  cases of t r ans i t i ona l  and turbulent  separation. More experimental 
data are needed f o r  separated boundary layers, pa r t i cu la r ly  f o r  t r a n s i t i o n a l  
and turbulent  separation t o  provide a check on t h e  v a l i d i t y  and range of appli-  
c a b i l i t y  of t h e  theo re t i ca l  methods of predict ion avai lable  and t o  a c t  as a 
guide f o r  a more generalized theo re t i ca l  approach t o  the  problem of predictions 
of heat t r a n s f e r  within t h e  separated region. 

The e f f ec t s  of these types of separation on heat 

However, very l i t t l e  information i s  avai lable  at hypersonic veloc- 

Much of t h e  previous exyerimental work on separation has been conducted on 
f la t  p l a t e s .  Analyses of these r e s u l t s  has led t o  questions concerned with the  
three-dimensional-flow e f fec t s  i n  separation. A discussion of three-dimensional 
e f f e c t s  i s  out of t h e  scope of t h i s  paper; however, such a discussion i s  given 
i n  reference 2. I n  reference 2, it is  pointed out t h a t  although more research 
on t h i s  subject i s  needed, two-dimensional-flow models of ten y i e ld  r e s u l t s  
which may be u t i l i z e d  t o  give estimations of flow parameters f o r  other more 
p r a c t i c a l  geonetries which are not two dimensional i n  nature. 
pointed out t h a t  t h e  de ta i led  physical process of separation i s  probably three  
dimensional even f o r  e s sen t i a l ly  two-dimensional models. 
s tud ies  have t h e i r  l imitat ions,  such s tudies  o f f e r  t h e  opportunity t o  invest i -  
gate  experimentally complex problems under conditions where many var iables  may 
be e a s i l y  changed. 

It i s  also 

Although f l a t -p l a t e  

The purpose of t h i s  paper i s  t o  present t h e  r e s u l t s  of an extensive, sys- 
tematic, experimental invest igat ion of t h e  heat t r ans fe r  i n  regions of laminar, 
t r ans i t i ona l ,  and turbulent separation obtained on an unswept f la t  p l a t e  a t  a 
free-stream Mach number of 6.0 with a r a t i o  of w a l l  temperature t o  stagnation 
temperature of approximately 0.55. The experiments were conducted i n  two wind 
tunnels which together had a free-stream un i t  Reynolds number range of approxi- 
mately 1 x lo6 t o  8 x 106 per foot .  Model geometries t e s t ed  were forward- and 
rearward-facing s teps  and loo, 20°, 30°, and 40° wedges. The tes ts  were con- 
ducted on an unswept f la t  p l a t e  with three  degrees of leading-edge bluntness 
(including a sharp leading edge). 
Mach 6 tunnel  and i n  the  Langley variable-density Mach 6.2 blowdown je t .  

Tests were conducted i n  t h e  Langley 20-inch 

Both l o c a l  and average heat- t ransfer  parameters are presented, and t h e  
e f f e c t s  of c l a s s i f i ca t ion  of t h e  separated regions i n t o  laminar, t rans i t iona l ,  
and turbulent a r e  discussed. Also, peak heating i n  the  separated regions and 
on t h e  wedges i s  discussed. Finally,  t h e  r e s u l t s  are compared with several  
t heo re t i ca l  and semiempirical methods of predict ion.  
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SYMBOLS 

A2 
Cf 

CF 

cP 

CP 

c, 

h 

H 

k 

K 3  

M 

NSt 

r 

R 

coeff ic ients  of T f  equation (see appendix A)  

l o c a l  sk in- f r ic t ion  coeff ic ient  

average skin-fr ic t ion coeff ic ient  

spec i f ic  heat  of air at  constant pressure 

pressure coeff ic ient  defined on l o c a l  conditions, pw - Po 
s, 

spec i f ic  heat of w a l l  material 

l o c a l  heat- t ransfer  coeff ic ient  

s tep  height 

v e r t i c a l  height of roughness above p l a t e  

correlat ion function i n  heating-rate equation due t o  pressure 
gradient (see ref. 24) 

Mach number 

Prandtl  number 

l o c a l  Stanton number ( see  eq. ( 4 ) )  based on free-stream conditions 

pressure 

dynamic pressure 

experimental heating r a t e  

stagnation heating r a t e  calculated f o r  a sphere w i t h  1-foot radius 
(see ref. 22) 

integrated experimental heating rate ,  

recovery f ac to r  (see eq. ( 3 ) )  

Reynolds number, - P U  
CI. 
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%, free-stream Reynolds 

free-stream Reynolds 

p l a t e  t o  beginning 

free-stream Reynolds 
Pm%X 

kl 

% X 

Roy d 

S 

2 

t 

T 

T '  

U 

X 

Xd 

U 

P 

7 

OW 

P 

P 

7 

4 

number per foot, - pcv'm 
CL, 

number based on distance from leading edge of 
'mUcoxd 

cbo 
of s tep  o r  wedge, 

number based on distance from leading edge, 

Reynolds number based on conditions at  outer edge of boundary layer  
upstream of disturbance e f f ec t s  and on distance from leading edge 

of p l a t e  t o  beginning of s tep  or wedge, POUOXd 
PO 

l a t e r a l  spacing of roughness elements ( f ig .  1( c ) )  

longitudinal surface length of wedges 

average diameter (thickness) of leading edge 

temperature 

reference temperature 

veloci ty  component of flow p a r a l l e l  t o  surface of p la te  

longitudinal distance along p l a t e  measured from leading edge 

longitudinal distance from leading edge t o  beginning of disturbance 
( s t ep  or  wedge) 

longitudinal surface distance from junction of wedge leading edge and 
p l a t e  (pos i t ive  values measured downstream along wedge, negative 
values measured upstream of wedge along p l a t e )  

angle of attack, posi t ive values indicate  compression on instru-  
mented surf ace 

leading-edge wedge angle 

r a t i o  of spec i f ic  heats of air  

l o c a l  w a l l  thickness 

v i s  cos i t y  

density 

time 



@ wedge angle 

Subscripts: 

d disturbance (wedge o r  s tep)  

fP f l a t - p l a t e  conditions 

3 

lam laminar 

max m a x i m u m  measured value 

0 l o c a l  conditions a t  outer  edge of attached boundary layer  or at 

junction of w e d g e  and p l a t e  

outer  edge of separation 

P plateau conditions f o r  laminar separation, or first peak condition 
f o r  turbulent separation 

r recovery 

S separation 

t stagnation 

T '  based on reference temperature 

t r ans  t r a n s i t  ion 

tu rb  turbulent 

V v i r t u a l  o r ig in  

W w a l l  ( l o c a l )  

X distance from leading edge 

00 f r e e  stream 

$=O wedge angle equals zero 

1 beginning of separation 

2 beginning of s t e p  

Primes denote parameters evaluated a t  reference temperature T '  
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APPARATUS AND TEST METHODS 

Wind Tunnel 

The test  program w a s  conducted i n  t h e  Langley 20-inch Mach 6 tunnel and i n  
t h e  Langley variable-density Mach 6.2 blowdown jet  ( re fer red  t o  i n  f igures  as 
tunnels 1 and 2, respect ively) .  
mit tent  type elrhausting t o  the  atmosphere through a d i f fuser  augmented by an 
air  e jec tor .  
515 pounds pe r  square inch absolute with stagnation temperatures of approxi- 
mately 940° R t o  l & O o  R. 
perature and had a Tw/Tt var ia t ion  of 0.33 t o  0.59. A more de ta i led  descrip- 
t i o n  of t he  tunnel i s  given i n  reference 6. 

The Langley 20-inch Mach 6 tunnel is  t h e  in te r -  

T e s t s  were run with tunnel stagnation pressures of'365, 440, and 

The models were e s sen t i a l ly  isothermal at  room t e m -  

I n  order t o  extend the  tes t  Reynolds number range below t h a t  obtainable i n  
t h e  20-inch Mach 6 tunnel, addi t ional  t e s t s  were conducted i n  the  variable- 
density Mach 6.2 blowdown je t .  However, tests f o r  a given model configuration 
and Reynolds number were not duplicated i n  t h e  two tunnels.  
of t he  intermit tent  type exhausting t o  a 40,000-cubic-foot sphere which can be 
pumped t o  pressures as low as l m i l l i m e t e r  of mercury absolute. 
with tunnel stagnation pressures of approximately 65, 115, 165, 215, 265, 3$, 
and 515 pounds per  square inch absolute with stagnation temperatures of 840 R 
t o  1020° R.  

This tunnel i s  a l s o  

Tests were run 

A more de ta i led  descr ipt ion of t h e  tunnel i s  given i n  reference 17. 

Models 

The models consisted of unswept f la t  p l a t e s  constructed from s t a in l e s s  
s t e e l .  Each p l a t e  w a s  9 inches wide and approximately 11 inches long. P l a t e  
number 1 w a s  a continuous p l a t e  with a sharp leading edge (t = 0.0015 inch) 
mounted on a support p l a t e  as shown i n  f igure  l ( a ) .  
consisted of p l a t e  number 2 with interchangeable leading edges ( f i g .  l ( b ) ) .  
Leading-edge piece A w a s  sharp and t = 0.0015 inch. Leading-edge pieces B 
and C were blunt and t = 0.120 inch and t = 0.375 inch, respectively.  I n  
order t o  t r i p  t h e  boundary layer  and obtain turbulent separation data, several  
sharp leading edges ( t  < 0.004 inch) were t e s t ed  with various s i ze  roughness 
located 2 inches from t h e  leading edge. (See r e f .  18 f o r  e f f ec t  of roughness.) 
The spheres were glued i n t o  s m a l l  spherical  segment indentations i n  the  leading- 
edge piece. The location, spacing, height above t h e  plate ,  and diameter of t h e  
spheres i s  given i n  f igure  l ( c )  along with a sketch of t h e  model assembly con- 
s i s t i n g  of p l a t e  number 2, a leading-edge piece, and t h e  support p la te .  

The remaining models 

After c o q l e t i o n  of t he  t es t  program i n  the  20-inch Mach 6 tunnel, t he  
model assembly, as shown i n  f igure  l ( b )  ( t h a t  is, t h e  p l a t e  2 assembly), w a s  

cut down t o  overa l l  dimensions of 7- inches wide and 10- inches long t o  be 

t e s t e d  i n  t h e  smaller variable-density Mach 6.2 blowdown j e t .  

1 1 
2 2 

The forward-facing s teps  u t i l i z e d  i n  these tes ts  had a span of 7 inches 
and a chord of 1.15 inches. (See f i g .  l ( a ) . )  For most of t h e  t e s t s ,  the  s t ep  



height w a s  0.25 inch. 
s teps  of height 0.125 inch and 0.40 inch. 
locat ions along t h e  p l a t e  were var ied and were a t  distances 
leading edge of t h e  p l a t e  t o  t h e  leading edge of t h e  s t e p  of 2.94, 6.70, and 
9.44 inches. 
with 
distance of 
piece as shown i n  figure l ( d ) .  
0.50 inch. 

However, a l imited quantity of data has been obtained on 
For the  tests on p l a t e  1, the  s tep  

xd from t h e  

Two longi tudinal  posi t ions were used f o r  t h e  tests of p l a t e  2 
The rearward-facing s t ep  w a s  located a t  a Xd = 6.69 and 9.58 inches. 

Xd = 2.9 inches. The s t ep  w a s  b u i l t  i n t o  t h e  sharp-leading-edge 
Two s t ep  heights were tes ted,  H = 0.1% and 

Four w e d g e  angle ramps (loo, 20°, SO0, and 40°) were t e s t ed  with a span 
of 7 inches and a w e d g e  (ramp) surface length of 1.5 inches. (See f i g .  l(a).) 
The following t a b l e  gives t h e  dis tances  i n  inches from t h e  leading edge of t h e  
p l a t e  t o  t h e  leading edge of t h e  w e d g e  f o r  t he  four  wedge angles tes ted.  

Wedge angle, 
pl, deg 

10 
20 
30 
40 

Forward 

2.98 
3.02 
3.13 
3 -31 

xd, p l a t e  1 

Middle 

6.71 
6.77 
6.88 
7.04 

Rear 

9.47 
9.53 
9.63 
9.78 

I 
Middle I ' 
6.44 
6.44 
6.50 
6.81 

1 

Two models of each p l a t e  were constructed - one instrumented with 
0.050-inch ins idediameter  pressure o r i f i c e s  and the  other  with 30-gage iron- 
constantan thermocouples. The instrumentation on p l a t e  l b e g a n  at  a distance 
of 1.35 inches from the  leading edge, and on p l a t e  2 at  a distance of 
3.25 inches from t h e  leading edge. (See f i g .  l ( e ) . )  The 0.25- and 0.40-inch 
forward-facing s teps  and t h e  wedges were instrumented s imilar ly .  
t i o n  w a s  located only on t h e  upper surface of t h e  forward-facing s tep.)  
0.125-inch forward-facing s tep  w a s  not instrumented. A l l  instrumentation w a s  
located chordwise along t h e  center l i n e  of t he  models. The undersurface of each 
p l a t e  instrumented with thermocouples w a s  s l o t t ed  along the  center l i n e  t o  a 
width of 0.6 inch and had a surface skin thickness of approximately 0.020 inch 
on t h e  p l a t e s  and 0.032 inch on t h e  wedges and s teps  i n  order t o  minimize t h e  
la teral  heat conduction i n  the  skin. 

(Instrumenta- 
The 

The back of t h e  wedges and s teps  from which t h e  thermocouple leads were 
taken w a s  always shielded from t h e  flow. 

T e s t  Methods and Techniques 

For most tests, t he  models were positioned a t  a nominal angle of a t tack  
However, some tests were conducted i n  t h e  20-inch Mach 6 tunnel with the  of Oo. 

model with t h e  forward-facing s t ep  a t  a nominal angle of a t tack  of 80 compres- 
sion and t h i s  condition resu l ted  i n  a l o c a l  free-stream Mach number upstream of 
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t he  disturbance of 4.9 fo r  the  sharp-leading-edge models. 
angle of a t tack  w a s  El/&'. 
invariant f o r  each group of t e s t s  since the  mounting w a s  not a l tered.  

The accuracy of 
However, the  angle of a t tack i s  considered t o  be 

The approximate r a t i o  of wall temperature t o  free-stream temperature out- 
s ide the  attached boundary layer  f o r  the  heat-transfer t e s t s  i s  given i n  the 
following table:  

Leading edge 

B,C 

Approximate Tw/To 
- 

4.3 I 
3 .3  
1.7 

The free-stream uni t  Reynolds numbers t e s t ed  i n  the  20-inch Mach 6 tunnel 
were approximately 5.6 x 10 6 , 6.9 x 106, and 8.0 x 106 per foot.  
stream uni t  Reynolds numbers t e s t ed  i n  the  Mach 6.2 blowdown j e t  were approxi- 
mately 7.7 x 106, 5.6 x 106, 4.2 x 106, 2.7 x lo6, 2.0 x 106, and 1 .2  x 106 per 
foot  . 

The free-  

Pressure t e s t s . -  Pressure d is t r ibu t ions  along the  center l i n e  of the p la tes  
were obtained i n  both tunnels over the t e s t  Reynolds number range. 
20-inch Mach 6 tunnel the  loca l  s t a t i c  pressures on the  p la tes  were measured by 
connecting the o r i f i ce s  t o  pressure-switching devices which i n  turn  connected 
the  o r i f i ce  i n  sequence t o  e l e c t r i c a l  pressure transducers. The e l e c t r i c a l  
outputs from the  transducers were recorded on a d i g i t a l  readout recorder. Each 
pressure-switching device was connected t o  two transducers with ranges of 1 and 
5 pounds per square inch absolute. 

In  the 

I n  the variable-density Mach 6.2 blowdown j e t ,  the  o r i f i ce s  were connected 
d i r e c t l y  t o  the transducers and the pressure readings were recorded as 
described. A l l  pressure t e s t s  were run on the  same support system as  w a s  used 
f o r  t he  heat-transfer t e s t s .  

Heat-transfer tests.- The aerodynamic heating was determined by the tran- 
s ien t  calorimetry technique by which the  r a t e  of heat storage i n  the model skin 
is measured. The models, o r ig ina l ly  at  room temperature or s l igh t ly  cooler, 
were suddenly exposed t o  the  airflow by quick inject ion from a sheltered posi- 
t i o n  beyond the  tunnel w a l l .  
ond and the  model remained i n  the tunnel f o r  approximately 4 seconds. 
l i shed  r e su l t s  of t e s t s  i n  the Langley 20-inch tunnel on sharp-leading-edge 
p la tes  with and without end p la tes  have indicated v i r tua l ly  no e f fec t  of end 
p la tes  on heat t ransfer  within turbulent separation regions f o r  the type of 
models u t i l i z e d  i n  t h i s  investigation. 
t ed  on the  model center l i n e . )  
so t h a t  schlieren and shadowgraphs of the  flow might be obtained. 

Inject ion w a s  accomplished i n  l e s s  than 0.25 sec- 
Unpub- 

(Note t h a t  a l l  instrumentation i s  loca- 
End p la tes  were not used i n  t h i s  investigation 



During the  pressure and heat-transfer t e s t s  i n  the 
shadowgraphs and schlieren photographs were often taken 

t o  a id  i n  determining the  extent of the  regions of separated flow. 

DATA REDUCTION 

The e l e c t r i c a l  outputs from the  thermocouples were recorded on a high- 
speed d i g i t a l  readout recorder. 
at O.OZ'5-second interval,  converted t o  a binary d i g i t a l  system, and recorded on 
magnetic tape. The temperature-time data were f i t t e d  t o  a. second-degree curve 
by the  method of l e a s t  squares, and the  t i m e  der ivat ive of temperature w a s  com- 
puted on a card-programed computer. 

The reading from each thermocouple w a s  recorded 

The tu rne l  stagnation temperature range w a s  approximately 840° R t o  l & O o  R 
and the  w a l l  temperature of the  p l a t e  was approximately 550° R. 
short  time required f o r  the  inject ion of the  model, the  p la tes  were considered 

Because of the  

t o  have been subjected t o  a s tep  function i n  the  
cient .  The thin-skin equation used t o  calculate  
w a s  

The measured loca l  heat-transfer coefficient was 
re la t ion  

4 
T r  - Tw 

h =  

applied-heat-transf e r  coeffi-  
the loca l  surface heating r a t e  

then calculated by the 

i n  which conduction e f fec ts  a re  neglected and where T r  i s  the  calculated 
recovery temperature defined a s  

+ Mo2r  e) 2 ( 3 )  

where Tw i s  the measured w a l l  temperature, and M, i s  the  loca l  Mach number 
outside the  boundary layer  calculated from the  measured pressure d is t r ibu t ion  
(a normal shock-pressure loss  f o r  the  blunt-leading-edge models and no pressure 
lo s s  f o r  the sharp-leading-edge models being assumed). 
sidered adequate since the measured heat-transfer coefficient i s  rather  insen- 
s i t i v e  t o  small e r rors  i n  G. The recovery temperature T r  was calculated by 
assuming a recovery f ac to r  equal t o  0.824 i n  the  laminar region and 0.879 i n  
the  turbulent region. The Stanton number w a s  calculated by the use of the  
e quat ion: 

This method w a s  con- 
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based on free-stream conditions ahead of t h e  model. 
o r  calculated Stanton numbers are always based on free-stream conditions ahead 
of t he  model.) 

(Note t h a t  both measured 

The experimental heat- t ransfer  parameters 6, h, and NSt presented i n  
t h i s  report  were determined by reading t h e  slope of t h e  temperature-time curve 
a t  a t i m e  approximately 0.05 second after the  model w a s  i n  posi t ion i n  t h e  
20-inch tunnel  and 0.20 second after the  model w a s  i n  posi t ion i n  t h e  variable- 
densi ty  Mach 6.2 blowdown je t .  The maximum surface temperature increase on the  
p l a t e s  and s teps  w a s  generally l e s s  than 150 and on t h e  wedges generally less 
than 25O.  
duction t o  a minimum. 

The nearly isothermal conditions of t h e  tests kept t h e  lateral con- 

RESULTS AND DISCUSSION 

It has been shown previously by several  invest igators  ( f o r  example, 
ref. 3 )  t h a t  a meaningful analysis  of t he  pressures i n  a separated region on a 
f l a t  p l a t e  can be obtained f o r  separation forced by many geometric shapes i f  
t h e  flow i s  properly c l a s s i f i ed  as laminar, t r ans i t i ona l ,  o r  turbulent .  For 
example, t h e  plateau pressure f o r  laminar separation and t h e  first peak pres- 
sure f o r  turbulent separation a re  nearly independent of t h e  geometry of t h e  
disturbance t h a t  forces  t h e  separation of t he  boundary l aye r  a t  supersonic and 
hypersonic speeds. 
turbulent-separation pressure parameters with Mach number as determined by 
equations taken from reference 19 a r e  presented i n  f igure  2. The equations of 
reference 19 f i t  a summary of experimental data taken without any o r  moderate 
surface cooling. (Surface cooling, of course, a f f e c t s  t he  boundary layer,  and 
experimental data  have shown t h a t  la rge  surface cooling has an e f f ec t  on sepa- 
ra t ion .  See, f o r  example, refs. 2 and 11.) I n  f igu re  2, examples of pressure 
d is t r ibu t ions  i l l u s t r a t i n g  typ ica l  laminar and turbulent  separation cases taken 
from reference 6 are presented. It has been shown i n  reference 6 t h a t  t h e  first 
peak pressure f o r  t h e  case of t r ans i t i ona l  separation can vary from s l i g h t l y  
above t h a t  f o r  pure laminar separation t o  a value approximately equal t o  t h a t  
f o r  turbulent separation depending upon the  pos i t ion  of t r a n s i t i o n  r e l a t i v e  t o  
t h e  separation point.  

(See a l s o  ref. 19.) The var ia t ion  of these laminar- and 

The heating-rate d i s t r ibu t ion  i n  separated-flow regions obtained f o r  sev- 
eral  model geometries over a wide range of Reynolds number i s  presented i n  the  
following sections.  
data  similar t o  t h a t  previously established f o r  pressure results, a meaningful 
analysis  o f  t h e  separation-heating-rate r e s u l t s  may a l so  be obtained. 

By using a c l a s s i f i ca t ion  system f o r  t h e  heat- t ransfer  

Typical Separation Heat-Transfer Distr ibut ions 

Character is t ic  examples of t h e  heating-rate d is t r ibu t ions  f o r  t he  three  
types of separation as determined by the  locat ion of boundary-layer t r a n s i t i o n  
(ref.  3 )  are presented i n  f igure  3 .  The model used t o  obtain these data  w a s  a 
sharp-leading-edge f la t  p l a t e  with a forward-facing step.  The f a i r e d  
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heating-rate d i s t r ibu t ions  f o r  t h e  f la t  p l a t e  without t h e  s t ep  are shown f o r  
comparison. The pressure d is t r ibu t ions  and schl ieren photographs of t h e  flow 
f i e l d  are a l so  shown i n  f igure  3. Values of t h e  laminar plateau pressure and 
t h e  turbulent  peak pressure calculated from the  equations of reference 19 
(assuming 
3(c)  t o  a i d  i n  c lassi fying t h e  types of separation. 

M, = 6.0) are indicated on t h e  pressure p l o t s  of f igures  3(a) t o  

A comparison of t h e  measured pressure data  i n  f igure  3(a) with the  calcu- 
l a t e d  laminar plateau value i s  suf f ic ien t  t o  c l a s s i fy  the  separation region as 
laminar i n  nature. A s  mentioned ea r l i e r ,  however, t h e  value of t h e  peak pres- 
sure within a separation region i s  not always suf f ic ien t  t o  determine whether 
t h e  flow i n  t h a t  region i s  t r a n s i t i o n a l  o r  turbulent .  The peak pressure value 
measured i n  f igure  3(b)  ind ica tes  t h a t  t he  separation could be turbulent i n  
nature. 
study of reference 18 which indicated t h a t  t h e  flow on t h i s  p l a t e  (without t he  
s tep)  with t h e  roughness t r i p  employed and a t  t h e  same t e s t  Reynolds number w a s  
turbulent over t h e  f u l l  extent of t he  instrumented area. 

Additional cer ta in ty  of t h i s  turbulent nature w a s  avai lable  from t h e  

Finally,  t h e  separation data  shown i n  f igure  3 (c )  w a s  c l a s s i f i ed  as t rans i -  
t i o n a l  based on t h e  heating-rate d i s t r ibu t ion  on the  p l a t e  without t he  step, 
t h e  experimental pressure d i s t r ibu t ion  on t h e  p l a t e  with t h e  step, t he  length 
of t h e  separation region indicated by t h e  schl ieren photograph, and by t h e  
heating-rate d i s t r ibu t ion  with the  s tep.  The pressures i n  the  separated region 
first increase t o  a value s i m i l a r  t o  tha t  expected f o r  laminar separation and 
then increase t o  much higher values, which are, however, below the  expected 
peak pressure f o r  turbulent  separation. This pressure d i s t r ibu t ion  i s  charac- 
t e r i s t i c  of one type of t r a n s i t i o n a l  separation as described i n  reference 3. 

Detailed study of t h e  various experimental data  obtained i n  t h i s  inves- 
t i ga t ion  has indicated t h a t  one of t h e  more simple ways t o  detect  and c l a s s i fy  
separation i s  t o  observe the  l o c a l  heating-rate d is t r ibu t ions  i n  the  separated 
region r e l a t ive  t o  t h e  d i s t r ibu t ion  obtained on t h e  same model under similar 
conditions without t h e  geometry which forces  t h e  separation. Therefore, f o r  
t h e  remainder of t h i s  report, t h e  separated flow i s  c l a s s i f i ed  as "pure l a m i -  
nar," turbulent,  or t r a n s i t i o n a l  according t o  t h e  following de f in i t i ve  condi- 
t i o n s  based on the  separated heating-rate d i s t r ibu t ions  ( t h e  reattachment region 
being neglected) : 

(1) Pure-laminar separated flow: The l o c a l  heating rates i n  regions of 
laminar separation decrease below those heating r a t e s  obtained under s i m i l a r  
conditions on a p l a t e  with attached flow once separation has occurred and 
remain less than the  equivalent attached case on a smooth p l a t e  throughout t h e  
separation region as shown i n  figure 3(a). 
previous work of Nicoll  ( re f .  14)  and Larson (ref. 15) f o r  cavity-type separa- 
t i o n  models and by t h e  work of Miller, e t  a l .  ( r e f .  12), f o r  outwardly def lected 
control  surfaces.  Not too  much importance should be attached t o  the  absolute 
value of t h e  lowest heating r a t e  s ince theore t ica l ly  t h e  skin f r i c t i o n  drops t o  
zero a t  t h e  separation point (see, f o r  example, r e f .  20) and t h e  lowest heat- 
t r a n s f e r  values obtained are, at  least par t ia l ly ,  a function of t h e  s t a b i l i t y  of 
t h e  separated flow with t i m e .  

This de f in i t i on  i s  supported by t h e  
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(2)  Turbulent separated flow: Upon separation, t h e  l o c a l  heating rates 
increase rapidly above those obtained on t h e  reference plate ,  peak, and then 
decrease s l i g h t l y  with increasing distance from t h e  separation point ( t h a t  is, 
increasing Reynolds number) as shown i n  f igu re  3(b) .  
where t h e  pressures increase, t h e  heating r a t e s  peak again. (See, f o r  example, 
r e f s .  3 and 21.) The points  i n  t h e  d i s t r ibu t ion  referred t o  as the  first peak 
heating rate and t h e  second peak heating rate for turbulent  separated flow are 
indicated i n  f igure  3(b) .  This t rend  of heating-rate d is t r ibu t ions  f o r  turbu- 
l e n t  separation is  s i m i l a r  t o  t h a t  already established f o r  pressure dis t r ibu-  
t i ons  i n  regions of turbulent separation by Chapman, e t  al., i n  reference 3; 
t h a t  is, t h e  l o c a l  pressures upon separation increase rapidly t o  a peak value 
without experiencing any s m a l l  i n i t i a l  pressure rise similar t o  t h a t  obtained 
f o r  t r a n s i t i o n a l  separation. 

Near the  base of t he  step, 

(3) Transi t ional  separated flow: It has been established i n  previous 
pressure work (see, for example, ref. 3) t h a t  t he  pressure d i s t r ibu t ion  within 
a region of t r a n s i t i o n a l  separation i s  strongly dependent upon the  locat ion of 
the  t r a n s i t i o n  region i n  r e l a t ion  t o  t h e  separation and reattachment points.  
If t h e  beginning of t r a n s i t i o n  i s  near reattachment, t h e  resu l t ing  separation 
pressure d i s t r ibu t ion  w i l l  be approximately t h a t  expected for laminar separa- 
t i o n .  If t h e  t r a n s i t i o n  region i s  near t he  separation point, t h e  separation 
pressure d i s t r ibu t ion  w i l l  be similar t o  t h a t  expected for turbulent separation. 
Analysis of t h e  r e s u l t s  of reference 3 indicates  t h a t  i f  t he  beginning of t r a n -  
s i t i o n  i s  downstream of separation and t h e  end of t r a n s i t i o n  i s  upstream of 
reattachment, t h e  pressures w i l l  first increase t o  a plateau pressure; then 
upon t r a n s i t i o n  t h e  pressures increase rapidly (but  less quickly than f o r  
turbulent separation) and f i n a l l y  peak as i s  typ ica l  of turbulent separation. 

I n  the  same manner, i f  t he  beginning of t r a n s i t i o n  is downstream of sep- 
a ra t ion  and t h e  end of t r a n s i t i o n  i s  upstream of reattachment, t h e  heat- 
t r ans fe r  d i s t r ibu t ion  within t h e  separation region may be divided in to  three 
d i s t i n c t  areas. An example of t h i s  type of t r a n s i t i o n a l  separation i s  shown 
i n  f igure  3 (c ) .  I n  region 1, t h e  l o c a l  heating r a t e s  follow the  t rend noted as 
charac te r i s t ic  of laminar separation, t h a t  is, decreasing and remaining below 
t h e  attached flow values p r i o r  t o  t h e  occurrence of t r ans i t i on .  In  region 2, 
t h e  heating rates increase rapidly u n t i l  a peak occurs t h a t  s ignals  t he  approxi- 
mate end of t r ans i t i on .  
approximate beginning and ending of t r ans i t i on . )  

When t h e  beginning of f u l l y  developed turbulent flow i s  located su f f i c i en t ly  
far upstream of reattachment, first- and second-peak heating rates w i l l  be 
obtained as i s  the  case f o r  turbulent separation. These peak values a re  indi-  
cated i n  figure 3(c) .  

(This region i s  considered t o  be bounded by the  
Finally,  i n  region 3, the  

. l o c a l  heating r a t e s  follow t h e  t rends noted as cha rac t e r i s t i c  of turbulent flow. 

Other examples of t he  var ia t ion  i n  heating-rate d is t r ibu t ions  obtainable 
f o r  t r a n s i t i o n a l  separation as determined by t h e  locat ion of t r a n s i t i o n  rela-  
t i v e  t o  t h e  separation and reattachment points  a r e  presented i n  f igures  3(d)  
and 3(e) .  Apparently, i n  figure 3(d) t h e  end of t r a n s i t i o n  i s  near t h e  reattach- 
ment point and t h e  d i s t r ibu t ion  shown i n  region 3 of f igure  3 ( c )  i s  not obtained. 
I n  f igu re  3(e), t h e  beginning of t r a n s i t i o n  i s  apparently near t h e  separation 
point and t h e  t rends noted i n  regions 1 and 3 of f igure  3 (c )  are not obtained. 
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(However, t h e  instrumentation does not extend su f f i c i en t ly  far upstream t o  ru l e  
out t h e  existence of t h e  t rends indicated i n  region 1 of figure 3( c) . ) For t he  
cases of t r ans i t i ona l  separation s i m i l a r  t o  those shown i n  figures 3(d)  and 
3(e) ( t h a t  is, when t h e  end of t r ans i t i on  i s  su f f i c i en t ly  far downstream t h a t  
t h e  d i s t r ibu t ion  of region 3 does not occur), t h e  highest  heating rate i s  
re fer red  t o  as the  peak heating r a t e  f o r  t r a n s i t i o n a l  separation. These peak 
heating r a t e s  are indicated i n  f igures  3(d)  and 3(e). 

H e a t  Transfer Associated With Steps 

Forward-facing steps.- I n  examining the  heat t r ans fe r  i n  a region of tran- 
s i t i o n a l  separation, it must be remembered t h a t  many f ac to r s  are known t o  
influence t h e  posi t ion of t r ans i t i on .  
mining t h e  posi t ion of t r a n s i t i o n  under the  various conditions. 
sented i n  f igures  4 t o  8 present addi t ional  separated heating-rate d is t r ibu-  
t i o n s  obtained under many conditions over a wide range of Reynolds numbers; how- 
ever, i f  properly c lass i f ied ,  t he  data  follow t h e  t rends previously discussed. 
The f a i r e d  data  presented i n  these f igures  represent t h e  f l a t -p l a t e  heating- 
rate d is t r ibu t ions  f o r  s i m i l a r  free-stream conditions t o  those f o r  which the  
separation data  were obtained. The theore t ica l  laminar heating-rate d is t r ibu-  
t i o n s  obtained by the  reference temperature method reviewed i n  appendix A of 
t h i s  report  a r e  shown i n  f igures  4 t o  8 f o r  comparison purposes. 
sented i n  t h e  f igure  f o r  reference i s  the  calculated stagnation heating r a t e  of 
a 1-foot-radius sphere a t  the  same free-stream conditions as determined by t h e  
method of reference 22. I n  each case, t h e  heating rates i n  the  attached regions 
f o r  t he  configurations with s teps  agree well  with the  f l a t -p l a t e  data  at  t h e  
same Reynolds number p r i o r  t o  separation and agree reasonably w e l l  w i t h  t he  
laminar theory p r io r  t o  t r ans i t i on .  

Therefore, care must be taken i n  deter-  
The data pre- 

Also pre- 

Figure 4 presents t h e  e f f ec t  of s tep  locat ion on t h e  separation heating- 
r a t e  d i s t r ibu t ions  f o r  a sharp-leading-edge (t = 0.0015 inch) model a t  l o c a l  
Mach numbers of 6.0 and 4.9 and a t  three un i t  free-stream Reynolds numbers ( t h e  
s t ep  height i s  0.25 inch).  I n  f igure  4(a),  with t h e  model a t  an angle of a t tack  
of 00 (M, = 6.0)~ t he  separation regions a re  t r a n s i t i o n a l  i n  nature f o r  t h e  s t e p  
i n  the  f ront  and middle posi t ion a t  t he  three  Reynolds numbers of the  t e s t .  The 
t rends  of d i s t r ibu t ions  ( f i g .  4 (a ) )  within the  regions of separation a re  t h e  
same as those previously discussed f o r  t r a n s i t i o n a l  separation ( f ig .  3 ( c ) ) .  
With t h e  s tep  i n  t h e  rear posit ion,  it i s  d i f f i c u l t  t o  c l a s s i fy  the  flow 
because it i s  borderline between t r ans i t i ona l  and turbulent  conditions. I n  f i g -  
u re  4(b)  with the  model a t  an angle of a t tack  of 8 O  (M, = 4.9), the  separation 
regions are t r a n s i t i o n a l  f o r  the case of t he  s t ep  forward. 
The heating-rate d i s t r ibu t ion  f o r  t he  turbulent separation with the  s t ep  i n  
t h e  middle and rearward posi t ions i s  s i m i l a r  t o  tha t  discussed i n  f igure  3(b) .  

(See f i g .  3(e).) 

I n  order t o  obtain addi t ional  data  on heating-rate var ia t ion  within regions 
of turbulent separation, tests were run with various s i ze  boundary-layer t r i p s  
located 2 inches from t h e  sharp leading edge of t h e  model with the  O.25-inch 
s t e p  located i n  t h e  rearward posit ion.  The r e s u l t s  of these tests are presented 
i n  figure 5 .  The t r i p s  u t i l i z e d  were t h e  three-dimensional controlled-surface- 
roughness (spheres) leading-edge pieces used i n  t h e  invest igat ion reported i n  
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reference 18. From f igure  5 ,  t h e  forward movement of t h e  "v i r tua l  
turbulent flow (see ref. 18) as caused by t h e  increasing roughness 
seen t o  have had v i r t u a l l y  no e f f ec t  on t h e  extent or magnitude of 
t h e  separation region. 

origin" of 
height is  
heating of 

The separated heating-rate d is t r ibu t ions  are presented i n  f igure  6 f o r  t h e  
models with varied leading-edge bluntness and with t h e  0 . a - inch  s t e p  i n  t h e  
rearward posi t ion at  Oo and 8' (compression) angle of a t tack  a t  t h e  m a x i m u m  
u n i t  free-stream Reynolds number. The separation data f o r  t h e  sharp leading 
edge (t = 0.0015 inch) i n  f igures  6(a) and 6(b)  are turbulent i n  nature. 
both angles of attack, t h e  heating-rate d i s t r ibu t ions  follow the  t rends pre- 
sented as typ ica l  of turbulent  separation. The 80 (compression) angle of a t tack  
y ie lds  a higher l o c a l  un i t  Reynolds number (an  increase of approximately 39 per- 
cent)  and caused the  t r a n s i t i o n  t o  move forward on t h e  p la te .  

For 

The e f f e c t s  of blunting the  leading edge t o  a thickness diameter of 
0.12 inch ( f i g .  6) i s  t o  reduce the  l o c a l  Reynolds number at  the  edge of t h e  
boundary layer  su f f i c i en t ly  t o  give laminar flow over t h e  smooth p l a t e  at  both 
angles of a t tack.  The laminar t heo re t i ca l  heating-rate d i s t r ibu t ion  w a s  cal-  
culated by assuming a normal-shock pressure l o s s  and t h a t  the  flow had expanded 
back t o  free-stream pressure. The resu l t ing  separation regions obtained f o r  
t h e  model with t h e  1/4-inch forward-facing s t ep  are t r ans i t i ona l  i n  nature, t h e  
beginning of t r a n s i t i o n  being located s ign i f i can t ly  far forward of reattach- 
ment. 
t i o n a l  separation. 

Each heating-rate d is t r ibu t ion  follows t h e  expected trends f o r  t r ans i -  

Further blunting of t he  leading edge t o  a thickness diameter of 0.375 inch 
apparently caused t r a n s i t i o n  t o  occur earlier than it d id  f o r  t he  thickness of 
0.120 inch. 
over t h e  full length of t h e  smooth p la te .  The m o d e l  with the  s t ep  y ie lds  t ran-  
s i t i o n a l  separation which agrees well with t h e  expected trends.  However, a t  an 
angle of a t tack  of 8 O  compression, i n  f igure  6(b),  t r ans i t i on  apparently occurs 
ear ly  on t h e  smooth p l a t e  (with no s tep) ,  f u l l y  developed turbulent flow being 
obtained near the  t r a i l i n g  edge of the  model. 
t i o n  could occur on a model with a t = 0.373 inch leading edge but not occur 
on a model with a t = 0.12 inch leading edge a t  similar tes t  conditions i s  
not f u l l y  understood; fu r the r  invest igat ion of bluntness e f f ec t s  on na tura l  
t r ans i t i on  a t  hypersonic Mach numbers seems t o  be warranted. The separated 
region shown i n  f igu re  6(b) for an angle of a t tack  of 8 O  and t = 0.375 inch 
i s  a l so  t r a n s i t i o n a l  i n  nature, but t h e  end of t r a n s i t i o n  i s  near t h e  separa- 
t i o n  point so  t h a t  t h e  heating-rate d i s t r ibu t ion  follows more nearly t h e  t rend  
expected f o r  turbulent  separation. 

I n  f igu re  6(a)  at  an angle of a t t ack  of Oo, the  flow i s  laminar 

The mechanism by which t rans i -  

Figure 7 presents t he  var ia t ion i n  separation heating rates with the  three  
For a l l  but t h e  degrees of bluntness over t h e  f u l l  tes t  Reynolds number range. 

lowest Reynolds number, t he  separation regions of f igure  7(a) are t r a n s i t i o n a l  
i n  nature and follow t h e  expected trends.  
number of 1.2 x lo6  per  foot,  t he  separation region f o r  the  sharp leading edge 
i s  laminar i n  nature and the  l o c a l  heating rates remain below the  smooth-plate 
values as expected. For t h e  0.12-inch-diameter leading edge, i n  f igure  7(b), 
t h e  increased blunting r e s u l t s  i n  t r ans i t i ona l  separation only at  the  maximum 

A t  t he  lowest free-stream Reynolds 
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free-stream Reynolds number of approximately 7.8 x 106. 
regions were obtained f o r  a l l  other Reynolds numbers. 
t r i bu t ions  follow the  typ ica l  trends.  

Laminar separation 
I n  each case, t he  d is -  

Again i n  f igure  7(c)  f o r  t h e  0.375-inch-diameter leadling edge, t h e  
increased blunting results i n  t r ans i t i ona l  separation occurring e a r l i e r  than 
it did  f o r  t he  0.12-inch-diameter leading edge. Transi t ional  separation regions 
were obtained f o r  
separation regions w e r e  obtained f o r  t he  lower Reynolds numbers (below 
FL, = 4.1 x 106). 
presented previously. 

%, = 7.7 x 106, 5.6 x 106, 4.1 x 106 per foot .  Laminar 

The heating-rate d is t r ibu t ions  agree with the  typ ica l  t rends 

The e f f ec t s  of step-height var ia t ion  on t h e  magnitude of t he  separation 
heating rates and on t h e  extent of t h e  separation region f o r  t he  sharp-leading- 
edge model are shown i n  f igure 8. 
s t e p  might be c l a s s i f i e d  as e i t h e r  laminar or t r a n s i t i o n a l  i n  nature whereas 
t h e  data  f o r  t he  0.25-inch s t ep  are de f in i t e ly  t r a n s i t i o n a l  i n  nature. When 
t h e  s tep  height w a s  increased from 0.125 inch t o  0.25 inch, t he  resu l t ing  peak 
separation heating r a t e s  f o r  t h e  0.25-inch s tep  are approximately 5 t o  6 t i m e s  
as la rge  as those f o r  t h e  0.125-inch step. 

I n  f igure  8(a), t h e  data  f o r  t he  0.125-inch 

With the  s teps  located i n  the  rear  posi t ion and the  model a t  an angle of 
a t tack  of 0' ( f i g .  8 ( b ) ) ,  t h e  s teps  create  regions of t r ans i t i ona l  separation 
which a t  maximum Reynolds number a re  very close t o  turbulent  conditions. The 
separation regions associated with t h e  0.40-inch s t ep  a re  somewhat l a rge r  than 
those associated with t h e  0.25-inch step.  

With the  s teps  located i n  the  r ea r  posi t ion and t h e  model at  8' (compres- 
s ion)  angle of at tack, as shown i n  f igure 8 (c ) ,  t h e  separation regions are a l l  
turbulent  i n  nature. The separation region resu l t ing  from 0.40-inch s tep  i s  
l a rge r  than t h a t  resu l t ing  from t h e  0.25-inch step, but there  i s  l e s s  d i f f e r -  
ence between the two regions f o r  turbulent separation than w a s  found i n  f ig -  
ures 8(a) and 8 ( b )  f o r  t r ans i t i ona l  separation. 

Rearward-facing steps.- Two rearward-facing s teps  (with heights of 
0.125 inch and 0.25 inch located a t  xd = 2.9 inches) were t e s t ed  a t  f ree-  
stream Reynolds numbers of approximately 1.3 x 106 and 2.8 x lo6 per foot .  
heating-rate d is t r ibu t ions  f o r  t he  rearward-facing s teps  are presented i n  f ig -  
ure  9. Also presented f o r  comparison are t h e  d i s t r ibu t ions  obtained on a 
sharp-leading-edge smooth p l a t e  a t  comparable free-stream conditions and the  
theo re t i ca l  laminar heating-rate d i s t r ibu t ion  f o r  a smooth p la te .  I n  f i g -  
ure  g(a)  f o r  t he  0.125-inch step,  t h e  separated regions are laminar f o r  both 
Reynolds numbers. The heating r a t e s  a re  i n i t i a l l y  l e s s  than the  attached flow 
values and gradually recover back t o  s l i gh t ly  l e s s  than the  attached-flow values 
near t he  approximate reattachment region as indicated by t h e  schl ieren photo- 
graphs. 
t h e  heating rates i n  t h e  reattachment region exceeded t h e  attached flow values 
found on the  smooth p l a t e  and remain grea te r  than these reference values. It 
has been shown i n  reference 23 t h a t  these two types of d i s t r ibu t ion  a re  t o  be 
expected f o r  models with rearward-facing s teps  at supersonic Mach numbers with 
various Reynolds numbers. The present invest igators  bel ieve t h a t  when t h e  

The 

For t h e  separated heating rates f o r  t h e  0.25-inch s t ep  i n  f igure  g(b) ,  



m a x i m u m  heating values near reattachment and downstream of reattachment a re  
much la rger  than the  values f o r  the smooth plate ,  t r ans i t i on  from laminar t o  
turbulent flow has occurred o r  i s  occurring. 
i s  a l so  plot ted i n  the  f igure  the turbulent heating-rate d is t r ibu t ion  found on 
the  same p la t e  without a s tep  i n  the  same tunnel at approximately the  same 
Reynolds number with a roughness t r i p  of 
from the  leading edge. 
at  
clusively t h a t  t r ans i t i on  t o  turbulent flow has occurred near the  reattachment 
region f o r  these conditions. 
t o  promote t r ans i t i on  i s  a l so  given i n  reference 3 .  

A s  evidence of t h i s  effect ,  there  

k = 0.080 inch located 2.0 inches 
Comparison of t he  0.25-inch s tep  data 

with the  turbulent p l a t e  data shows rather  con- 

An example of rearward-facing s teps  being used 

(See ref. 18.) 
& = 2.7 x lo6 per foot  

Transit ion w a s  not given as an explanation of the difference between the  

two types of d i s t r ibu t ions  i n  reference 23. Rather, the  value of Xd w a s  

represented as the  parameter which determines the  re la t ion  of the  heating rates 
downstream of reattachment t o  those at s i m i l a r  conditions on a smooth p la te .  
M a x i m u m  heating-rate values were found i n  reference 23 t o  be l e s s  than the  

H F Z  

smooth-plate values when xd > 0.067 and grea te r  than the  smooth-plate 

values when xd < 0.067. The values of t h i s  parameter f o r  the present 

investigation a re  given i n  f igure 9 where it can be seen tha t  values of 
Xd < 0.0197 caused the  heating-rate values i n  the reattachment region t o  

H G  

be grea te r  than the smooth-plate values. The parameter xd , theref ore, 

appears t o  be inef fec t ive  i n  predicting the r e su l t s  of the  present investiga- 
t ion.  Analysis of the present r e su l t s  would indicate t h a t  any s ignif icant  
increase i n  heat t r ans fe r  downstream of a rearward-facing s tep would be asso- 
ciated with the  promotion of t r ans i t i on  caused by the  step.  (See also re f .  3 . )  

Average heating - ra tes . -  Chapman's analysis of the  r a t i o  of the average 
heating r a t e  i n  a laminar separation region t o  the average heating r a t e  f o r  
laminar attached flow ( r e f .  16) has been shown t o  give good predictions of t he  
avai lable  experimental r e su l t s  f o r  cavity type of separation models. 
t i cu la r ,  the  r e s u l t s  of Larson i n  reference 15 and of Nicoll of reference 14 
give excellent agreement between the experimental r e su l t s  and Chapman's pre- 
diction. 
i n  the  separated region t o  the  measured integrated heating r a t e  f o r  attached 
flow under s i m i l a r  free-stream conditions. The s l igh t  differences i n  the free-  
stream t o t a l  pressure and temperature have been considered by a correction fac- 
t o r  (tt)fp/(tt)s. The integrated heating r a t e s  have been obtained f o r  the  

separation region only, t he  reattachment and the heating on the face of the s tep  
being neglected. 
the  Reynolds number based on conditions at the  edge of the  boundary layer  on 

In  par- 

Figure 10 presents the  r a t i o  of the measured integrated heating r a t e  

The experimental heating r a t e s  a re  plot ted as a function of 
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I -  

t h e  smooth p l a t e  and the  distance from the  leading edge of t he  model t o  t h e  
beginning of t h e  step.  For the  blunt-leading-edge plates ,  t he  loca l  flow w a s  
assumed t o  have passed through a normal shock, and resul ted i n  a nominal Mach 
number of 3.16. 

The so l id  symbols on t h e  l e f t  of figure 10 represent t h e  pure laminar 
separation data  obtained i n  t h i s  investigation. The so l id  l i n e  represents t h e  
value of t h e  r a t i o  as predicted by the  theo re t i ca l  analysis  of Chapman. 
theory i s  seen t o  predict  t h e  experimental data  reasonably well. 
t h e  numerical average of t h e  current experimental r e s u l t s  agrees very w e l l  with 
t h e  prediction. 
account f o r  t h e  pressure r i s e  due t o  separation would be t o  divide these values 

by 
a s m a l l  difference f o r  these par t icu lar  cases s ince t h e  value of 

only about 10 percent above uni ty . )  Hence, a theory t h a t  w a s  derived f o r  
laminar separation within a cavity, a l so  gives a reasonably good predict ion of 
t h e  integrated heating r a t i o s  f o r  laminar separation forced by a forward-facing 
s tep.  

The 
I n  par t icular ,  

(An  approximate correction t o  these experimental values t o  

\Ip,Ip, as discussed i n  references 12 and 24. However, it would make only 

&E is 

The open symbols shown i n  t h e  middle of f igure  10 represent t he  t rans i -  
t i o n a l  separation data. The integrated heating-rate r a t i o s  f o r  t r ans i t i ona l  
separation increase rapidly with increasing Reynolds number from t h e  laminar 
value of approximately 0.5 t o  a peak value on the  order of 2 or grea ter .  The 
s c a t t e r  of t h e  t r a n s i t i o n a l  data  i s  thought t o  be a t  l e a s t  p a r t i a l l y  due t o  t h e  
difference i n  the  t r a n s i t i o n  posi t ion caused by t h e  bluntness of t he  leading 
edge and by t h e  presence of t h e  s tep  (as compared t o  t h e  t r ans i t i on  posi t ion 
f o r  t h e  smooth p l a t e ) .  

The so l id  symbols on t h e  r igh t  of figure 10 represent the  turbulent separa- 
t i o n  data .  A l s o  shown i n  t h i s  f igure  a re  theo re t i ca l  predictions of t he  in te -  
grated heating-rate r a t i o  f o r  turbulent separation based on a ra ther  a rb i t r a ry  
assumption. This assumption i s  t h a t  t he  l o c a l  Stanton number remains constant 
streamwise across the  separation point.  
Theref ore, 

(See appendix B f o r  more d e t a i l s . )  

The values of po and uo at  the  edge of t h e  separation region can be esti-  

mated from nonviscous equations i f  the  s t a t i c  pressure i n  the separation region 
i s  known and may be predicted by the  equation 

cp,p = 0.13 - - 1.5 + -L 9 1 
Mo2 Mo3 

which i s  taken from reference 6 f o r  t h i s  Mach number range. 
predict ion with t h e  experimental data  indicates  t h a t  t h i s  simple method of pre- 
d i c t ion  gives a good approximation of t h e  magnitude of t h e  experimental r e su l t s .  
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The m a x i m u m  values of t h e  t r ans i t i ona l  separation data  i n  the  r a t i o  form 
shown i n  f igure  10 are due, a t  least i n  par t ,  t o  t h e  laminar o r  near-laminar 
average heating rates f o r  the smooth f la t  p l a t e  which were used t o  nondimen- 
s ional ize  t h e  separation data; t h a t  is, the  separation forced by the  s t e p  can 
move t h e  t r a n s i t i o n  region forward. Therefore, t o  gain a b e t t e r  insight  i n t o  
t h e  true r e l a t ive  magnitudes of t h e  integrated heating rates f o r  t h e  three  
types of separation, f igure  11 presents t h e  integrated heating r a t e s  f o r  sep- 
a ra t ion  i n  dimensional form as a function of Ro,d. 

I n  f igure  l l (a ) ,  t h e  separation data  obtained with models at  an angle of 
a t tack  of Oo are presented. Examination of t h i s  f igure  indicates  t h a t  once 
t r a n s i t i o n a l  separation occurs, the  integrated heating rates increase rapidly 
with Reynolds number and reach a peak f o r  %he case of turbulent Separation. 
For t he  case of 80 compression angle of attack, t h e  data  obtained ( f i g .  l l ( b ) )  
were a l l  turbulent i n  nature. 

Local Stantgn-number d i s t r ibu t ion  f o r  turbulent  s q g r a t i o n .  - It has been 
shown i n  f igure  10 t h a t  t h e  simple assumption t h a t  t h e  local-&anton number 
remains constant streamwise across t h e  separation point together with the  
assumption t h a t  t h e  pressure i n  the  separated region i s  t h a t  given by equa- 
t i o n  (6)  gives a good prediction of t h e  magnitude of t he  integrated heating- 
r a t e  r a t i o  f o r  turbulent  separated flow. I n  f igure  12, t h i s  method of predic- 
t i o n  i s  compared with the  streamwise l o c a l  Stanton number d is t r ibu t ion  (based 
on experimental da t a )  f o r  turbulent separation. 

Figure 12 (a )  presents t he  turbulent separation data  f o r  an angle of a t tack  
I n  order t o  move t h e  beginning of turbu- of 0' and f o r  %, = 8 x 10 6 per  foot .  

l e n t  flow fur ther  forward (ref.  18), various height roughness elements were 
a l so  placed 2 inches from t h e  leading edge f o r  most of t h e  data  shown i n  t h i s  
f igure.  
bulent flow shown i n  t h e  f igure  were obtained by t h e  methods reviewed i n  refer- 
ence 18 and i n  appendix A of t h i s  paper. A s  w a s  done i n  reference 18, when t h e  
roughness height was su f f i c i en t ly  high so  t h a t  t h e  beginning of t r ans i t i on  w a s  
near t he  roughness posit ion,  t h e  theore t ica l  d i s t r ibu t ions  have been calculated 
by assuming t h a t  t he  boundary-layer v i r t u a l  o r ig in  i s  located a t  t he  roughness 
posit ion.  I n  f igures  12(b)  t o  l 2 ( d )  the  Stanton numbers based on experimental 
data are compared with the  theore t ica l  prediction f o r  t he  O.25-inch s t ep  and 
the  0.40-inch s t e p  model at  an angle of a t tack  of 8 O ,  f o r  several  s tep  loca- 
t ions,  and several  free-stream Reynolds numbers with and without roughness. 
A s  would be expected, t h e  prediction of t h e  separated-flow heat- t ransfer  coef- 
f i c i e n t  (eqs. (5) and (6 ) )  does not give any approximation of t h e  trends of 
the  
t h e  calculations and data  shows t h a t  t h i s  method of prediction gives an approxi- 
mation of t h e  magnitudes of l o c a l  Stanton numbers t o  be expected within a region 
of turbulent separation. 

The theo re t i ca l  calculations of Stanton number based on attached tu r -  

NSt var ia t ion  within t h e  separation region. However, the  comparison of 

Peak Stanton numbers f o r  transixnaland turbulent sepaxation. - Another 

I n  f igure  13, t he  peak Stanton numbers i n  regions of t r ans i -  
parameter of i n t e r e s t  i s  the  peak Stanton number which occurs i n  the  region of 
separated flow. 
t i o n a l  and turbulent  separation caused by a forward-facing s tep  are p lo t ted  as 
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a function of Reynolds number based on l o c a l  undisturbed conditions and t h e  
distance from t h e  leading edge of t h e  model t o  the  s tep.  The data  of f ig -  
ure l3(a) show t h a t  t h e  peak Stanton number f o r  t r a n s i t i o n a l  separation 
increases rapidly with increasing Reynolds number and reaches a peak value 
s l i g h t l y  grea te r  than t h a t  f o r  turbulent separation. 
f o r  turbulent separation (second peak heating as defined i n  f i g .  3 (b ) )  decrease 
with increasing Reynolds number. 
bers  f o r  turbulent separation (see f i g .  3 (b ) )  show the  same decrease i n  
(NSt),, 
be r  i n  turbulent flow. 
t r a n s i t i o n a l  separation with the  beginnfng of f u l l y  developed turbulence suf- 
f i c i e n t l y  far  upstream of the  s tep  (see f i g .  3 ( c ) )  show t h e  same increase of 
(Nst),, with increasing Reynolds number. 

The peak Stanton numbers 

I n  f igure  l3(b) ,  t he  first peak Stanton num- 

with increasing Reynolds number found for t h e  second peak Stanton num- 

Also i n  f igure  l3 (b )  t he  first peak Stanton numbers f o r  

Larson i n  reference 15 has shown f o r  supersonic conditions t h a t  although 
the  var ia t ion  of average Stanton number f o r  turbulent attached flow with 
Reynolds number follows t h e  expected t rend of NSt a (Ro,,)-’l5 , t h e  var ia t ion  
of average Stanton number f o r  turbulent separated flow w i t h  Reynolds number 

- 2/5 
shows an increased dependence on Reynolds number w i t h  NSt a (R0,x) * I n  
f igure  13, l i n e s  a re  presented i n  the  regions f o r  t h e  peak Stanton number i n  
turbulent separated flow t h a t  follow the  slope given by the  assumption t h a t  

NSt,peak a (Ro,x)-2’5. Comparison of these slopes w i t h  t he  experimental data  
shows that  within the  reasonable l i m i t s  of data  sca t te r ,  t h e  peak Stanton num- 
b e r  f o r  turbulent separation a l so  var ies  as a function of (Ro,x)-2/3. 

It was shown i n  reference 18 t h a t  the assumption of NSt a. Ro,, gave a 
reasonably good prediction of t he  Stanton number var ia t ion  f o r  attached t r ans i -  
t i o n a l  flow. Therefore, a l so  shown i n  f igure  13 i n  t he  region of peak heating 
f o r  t r ans i t i ona l  separation a re  t h e  l i n e s  w i t h  t he  slope obtained by assuming 
NSt,peA a (Ro,x) f o r  t r a n s i t i o n a l  separation. Comparison of these slopes 
with the  data  shows t h a t  within the  reasonable l i m i t s  of data  sca t te r ,  t he  peak 
Stanton number f o r  t r a n s i t i o n a l  separation increases d i r ec t ly  w i t h  increasing 
Reynolds number. 

The peak values of Stanton number obtained i n  t r ans i t i ona l  and turbulent 
separation regions forced by wedges a re  a l so  shown i n  f igure  l3(a) .  
of these data  indicates  t h a t  t he  peak values are smaller f o r  the wedges than 
f o r  t he  step.  However, t he  peak Stanton number does increase w i t h  increasing 
wedge angle. 

Comparison 

Heat Transfer Associated With Wedge Surfaces 

The r e s u l t s  presented i n  figures 14 t o  22 represent t h e  heating-rate data  
obtained when various angle wedges were mounted on the p l a t e  f o r  a s igni f icant  
Reynolds number range. Also included i n  t h e  f igures  are t h e  f a i r e d  curves 
representing da ta  obtained on t h e  f la t  p l a t e  without t h e  wedge under s i m i l a r  



free-stream conditions. 
i n  f igure  23 i n  t h e  form of t h e  var ia t ion  of t h e  laminar correlat ion parameter 
N S t i G  with t h e  longi tudinal  dis tance from t h e  leading edge. 

Some typ ica l  examples of these  data are a l so  p lo t ted  

I n  figure 23, f o r  laminar attached flow on t h e  plate ,  t he  parameter 

(See ref. 24 f o r  t h e  
N s t  hE has a near ly  constant value which i s  approximately equal t o  the  theo- 
r e t i c a l  laminar value shown at  t h e  l e f t  of t h e  f igure.  
calculat ion method.) Laminar o r  t r a n s i t i o n a l  separation regions occur f o r  the 
model geometries shown i n  f igu re  23 except f o r  t h e  sharp-leading-edge model 
with a 20° wedge a t  free-stream Reynolds numbers grea te r  than 4 x 106 per foot .  
That is, when t h e  flow becomes t r a n s i t i o n a l  su f f i c i en t ly  far forward of t h e  
20° wedge (fig.  23(b), 
t u r n  the  200 wedge angle without separating. The increase i n  heating rates 
forward of t h e  wedge i n  t h i s  case i s  due t o  t h e  beginning of t rans i t ion .  An 
inspection of t h e  da ta  i n  f igures  14 t o  23 shows t h a t  when the  wedges force  
separation, t h e  heating-rate d is t r ibu t ions  i n  the  separation region ahead of 
t h e  wedge are above o r  below t h a t  fo r  t he  basic  p l a t e  depending upon t h e  type of 
separation (laminar, t r ans i t i ona l ,  o r  turbulent)  i n  a manner similar t o  t h a t  
indicated e a r l i e r  f o r  separation forced by steps.  A more de ta i led  examination 
of t h e  heat-transfer r e s u l t s  f o r  various wedge angles is given i n  the  fo l -  
lowing sections.  

%, > 4 X lo6 per  foot ) ,  t h e  boundary layer  is  ab le  t o  

loo wedge.- I n  f igure  14( a) ,  the  heating-rate d is t r ibu t ions  are presented 
f o r  th ree  longi tudinal  wedge posi t ions and a t  three free-stream uni t  Reynolds 
numbers. I n  figures 14(a) and 24(d) due t o  an oversight i n  t es t  procedure, t he  
x posi t ion of da ta  where any t a i l e d  symbols on t h e  wedge are used could not be 
determined. However, e i t h e r  t he  set of tai led symbols o r  t he  tailless symbols 
are the  correct values. It i s  believed t h a t  t h e  t a i l l e s s  symbols represent t he  
correct data.  
t h a t  t he  flow separates when t h e  wedge w a s  located i n  the  rear posit ion f o r  any 
of t he  three  Reynolds numbers. When the  wedge w a s  located i n  the  middle posi- 
t ion,  there  w a s  a s m a l l  region of laminar separation t h a t  caused a decrease i n  
heating r a t e s  compared with those f o r  t he  smooth plate .  
forward posi t ion caused a r e l a t ive ly  large region of laminar separation i n  
which the  heating-rate d is t r ibu t ions  follow t h e  t rends noted as typ ica l  f o r  
laminar separation. Figure 14( b )  represents t he  heating-rate d is t r ibu t ions  
obtained on t h e  sharp-leading-edge m o d e l  with t h e  loo wedge mounted i n  t h e  
middle posi t ion on t h e  p l a t e  over a lower Reynolds number range. I n  fig- 
ure  14(b), t he  wedge forces  laminar separation f o r  t h e  two lower Reynolds 
numbers. 

The heating-rate d is t r ibu t ions  of figure 14(a) do not indicate  

The 10' wedge i n  t h e  

The heating-rate d i s t r ibu t ions  obtained on two blunt-leading-edge models 
with the  10' wedge mounted i n  the  middle posi t ion are presented i n  f igure  15. 
The e f f ec t s  of blunting t h e  leading edge t o  0.12 inch ( f i g .  l5 (a) )  as compared 
with t h e  sharp-leading-edge data  of f igure 14  is seen t o  cause a subs tan t ia l  
increase i n  t h e  extent of t h e  separation region f o r  L = 7.6 x 106, 5.5 x 106, 
and 4.1 x 106 per  foot .  
diameter leading-edge model are shown i n  figure l 5 ( b ) .  
be r  tested, laminar separation i s  evident with t h e  expected heating-rate trends.  

The heating-rate d is t r ibu t ions  f o r  t h e  0.375-inch- 
For each Reynolds num- 
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20° wedge.- I n  figure 16(a), t h e  heating-rate d is t r ibu t ions  are presented 
f o r  th ree  longi tudinal  wedge posi t ions and at  three free-stream un i t  Reynolds 
numbers. A s  w a s  found f o r  t h e  10' wedge, t h e  heat- t ransfer  d i s t r ibu t ions  d id  
not indicate  any appreciable separation when t h e  wedge w a s  located i n  the  rear 
posi t ion where t r ans i t i ona l  or turbulent boundary-layer conditions exis ted f o r  
t h e  f la t  p la te .  

Figure 16(b) presents  t h e  heating-rate d is t r ibu t ions  obtained on the  sharp- 
leading-edge model with the  20° wedge i n  t h e  middle posi t ion over t h e  lower 
Reynolds number range. %, = 4.46 x 106, separation i s  not c lear ly  evident 
from t h e  data.  However, it w a s  v i sua l ly  noted from the  schl ieren screen t h a t  
when the  junction of t h e  wedge w a s  located very close t o  the  beginning of t ran-  
s i t ion ,  t h e  flow sometimes f luctuated between separated and nonseparated con- 
d i t ions .  A t  & = 2.87 x 106 and & = 1.30 x 106, regions of t r ans i t i ona l  
and laminar separation, respectively, were obtained. 

For 

The heating-rate d is t r ibu t ions  obtained on two blunt-leading-edge models 
with the  200 wedge mounted i n  t h e  middle posi t ion a re  presented i n  f igure  17. 
For a l l  Reynolds numbers, t h e  separation regions a re  laminar or t r ans i t i ona l  
and very near laminar conditions, and follow the  expected trends.  Increasing 
t h e  bluntness t o  0.375-inch diameter as shown i n  f igure  l 7 ( b )  r e su l t s  i n  a 
smaller separation region than w a s  obtained on the  0.12-inch-diameter leading- 
edge model a t  comparable free-stream conditions. 

30° wedge.- I n  f igure  18 the  heating-rate d is t r ibu t ions  are s i m i l a r  t o  
those found on the  20° wedge with the  exception of t h e  separation region being 
more extensive f o r  t h e  30' wedge than f o r  t h e  20° wedge and the  t r ans i t i on  
region being f a r t h e r  forward f o r  t h e  30° wedge than f o r  t h e  200 wedge. I n  
general, t he  separation regions obtained with t h e  two blunt-leading-edge models 
i n  f igure  19 a re  t r a n s i t i o n a l  and more extensive f o r  t he  0.12-inch-diameter 
leading-edge model than f o r  t h e  0.375-inch-diameter leading-edge model. 

40° wedge.- The e f f ec t s  of wedge locat ion and free-stream Reynolds number 
var ia t ion  on a sharp-leading-edge model with a 40° wedge are shown i n  f igure  20. 
The 40° wedge i s  seen t o  cause very extensive separation on the  model under 
each condition investigated.  In  each case, t h e  separation region i s  t r ans i -  
t i o n a l  i n  nature, and the  t r ans i t i ona l  region i s  fu r the r  forward than f o r  t h e  
smaller angle wedges under otherwise similar conditions. The e f f ec t s  of 
blunting the  leading edge on a m o d e l  with a 400 wedge i n  the  middle posi t ion 
a r e  shown i n  f igure  21. I n  each case, t h e  t r ans i t i ona l  separation extends for-  
ward of t he  instrumentation locat ion.  

30° weae-and 400 wedge with roughness.- I n  an attempt t o  obtain turbulent 
separation forward of t he  300 wedge and 400 wedge, t he  models were run with a 
sharp leading edge having roughness heights of 0.080 inch located 2 inches 
from t h e  leading edge. For both free-stream Reynolds numbers tested ( f ig .  22), 
t h e  flow d id  not separate appreciably on t h e  30° wedge. 
did force separation of a turbulent nature. The heating-rate d is t r ibu t ions  
within t h i s  region of turbulent separation are s i m i l a r  t o  those presented f o r  
t h e  forward-facing s t ep  with t h e  exception t h a t  no second peak heating rate w a s  
found f o r  t h e  40° wedge as w a s  found f o r  t h e  step.  

The 40° wedge, however, 

It has been shown t h a t  t h e  
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assumption t h a t  t he  Stanton number i s  constant streamwise across t h e  separa- 
t i o n  point f o r  turbulent separation w i l l  r e su l t  i n  an approximation of t he  heat 
t r ans fe r  within t h e  turbulent separation region f o r  separation forced by the  
forward-facing steps.  
heating-rate l e v e l  predicted by t h i s  assumption as based on t h e  experimental 
attached heating-rate l e v e l  p r i o r  t o  separation. Figure 22 shows reasonably 
good agreement between the  data  obtained by t h i s  method of prediction and the  
data  f o r  t he  turbulent separation forced by a 40° wedge. 

(See f i g s .  10 and 12.)  A l s o  shown i n  figure 22 i s  t h e  

Stanton numbeydis-&r&butionE on-we-dges. - Stanton number d is t r ibu t ions  based 
on experimental data  along the  wedges-for t h e  sharp-leading-edge model are 
shown i n  f igure  24. 
a r e  a l so  presented f o r  comparison with t h e  laminar attached-flow theory f o r  t h e  
smooth p l a t e  t o  provide information on the  nature of t he  flow forward of t h e  
wedges. 
number d i s t r ibu t ion  on the  wedges computed by the  reference-temperature method 
by assuming t h a t  t h e  boundary-layer v i r t u a l  o r ig in  f o r  t h e  flow over t h e  wedge 
began at t h e  junction of t h e  wedge and the  p l a t e .  
a l so  made i n  r e f s .  10 and 11.) For these calculations,  t h e  l o c a l  Mach number 
and pressures on the  wedge were calculated by assuming nonviscous conditions. 
(See appendix B f o r  more d e t a i l s . )  A nominal value of stagnation temperature 
of 500° F w a s  used i n  t h e  calculations.  
Stanton numbers have been based on free-s+,ream flow conditions. An overa l l  
inspection of these f igures  indicates  t h a t  when the  flow i s  turbulent (or 
nearly turbulent)  a t  t h e  beginning of t h e  wedge and separation does not occur, 
t h i s  calculat ion method gives a good prediction of t he  Stanton numbers on t h e  
wedge. (See, f o r  example, f i g .  24(a) with t h e  wedge i n  t h e  r ea r  posi t ion and 
& = 8.12 x lo6 per foot . )  
decreases i n  such a way t h a t  t r ans i t i ona l  separation occurs, the  experimental 
da ta  show t h a t  t h e  peak Stanton number on t h e  wedges moves rearward along t h e  
wedge and causes increasing discrepancies between data  and the  trends and values 
predicted by the  turbulent calculations.  (See, f o r  example, f i g .  24(a) with the  
wedge i n  the  forward position, and 
expected since t h e  flow i s  now separated and reattachment occurs along t h e  wedge 
surface, f u l l y  developed turbulent  flow generally beginning downstream of the  
wedge-plate junction. Although the  l o c a l  Stanton numbers vary considerably 
from those predicted by the  theory f o r  t h e  lower Reynolds numbers, these cal- 
culations continue t o  give an approximation of t he  peak Stanton number u n t i l  
laminar or near-laminar conditions ex i s t  a t  t h e  r ea r  of t he  wedge. 

Some experimental data  on t h e  p l a t e  forward of t h e  wedges 

Figure 24 includes theo re t i ca l  calculations of t h e  turbulent Stanton 

(Similar assumptions were 

Both the  experimental and theo re t i ca l  

A s  t he  Reynolds number a t  the  wedge posi t ion 

%, = 7.97 x 106.) This t rend might be 

The 40° wedge always causes separation of t h e  flow and the  data of f i g -  
ure  24(e) show t h a t  the  Stanton number on t h e  wedge always increases with 
increasing distance from t h e  wedge-plate junction. These t rends would be 
expected from a consideration of t he  flow mechanism involved; for example, t he  
very la rge  region of separation caused by the  40° wedge as compared with t h e  
flow f i e l d  found on the  lower wedge angles causes the  l o c a l  pressure on the  
wedge surface t o  increase subs tan t ia l ly  with increasing distance from the  wedge- 
p l a t e  junction. (See the  schl ieren photographs of f i g .  25 . )  It should be 
s t ressed  here t h a t  t he  surface distance of t h e  wedges 2 i s  a constant i n  
these tests f o r  a l l  wedge angles. 
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To gain a b e t t e r  understanding of the  physical meaning t h a t  can be a t t r i b -  
uted t o  the appl icabi l i ty  of the  calculations by the  method of appendix B t o  the  
experimental data, f igure 26 compares the  approximate measured peak pressure 
r a t i o s  obtained on the wedges with the theore t ica l  shock values f o r  the  test 
Reynolds number range. Analysis of t h i s  f igure shows t h a t  although the  peak 
pressures a re  a function of Reynolds number the predictions obtained by assuming 
the  l o c a l  flow t o  be attached and inviscid agree reasonably well  with the  
experimental peak pressures a t  the lower wedge angles. 
becomes larger,  the values of t he  peak pressures become increasingly la rger  
functions of Reynolds number; f o r  example, the  measured values f o r  t he  40° wedge 
vary considerably from the values obtained by assuming attached and inviscid 
flow except i n  a very narrow Reynolds number range. 
heat-transfer calculation method presented here which makes use of pressures 
calculated by inviscid equations loses  much of i t s  physical meaning f o r  the 
40° wedge angle and f o r  the  30° wedge angle at  the lower Reynolds numbers. 

A s  the  wedge angle 

Therefore, the  turbulent 

The Stanton number d is t r ibu t ions  on the  wedges f o r  the  blunted leading-edge 
p la tes  a re  compared with the  turbulent theore t ica l  calculations i n  f igure 27. 
For calculations of the  Stanton number d is t r ibu t ion  on the wedges mounted on 
the  blunt-leading-edge plate ,  the loca l  flow over the  p l a t e  forward of the  
wedges was first assumed t o  have passed through a normal shock a t  the  leading 
edge with a resul t ing nominal Mach number of 3.16 and then the  Stanton number 
d is t r ibu t ions  were calculated by the method of appendix B. 
t he  f igures  shows r e su l t s  similar t o  those obtained with the sharp-leading-edge 
plate;  that i s ,  the best  agreement of data and theory i s  obtained when the 
flow upstream of the  wedge i s  turbulent o r  t rans i t iona l .  For laminar con- 
d i t ions  upstream of the wedge, the  theory gives an approximation of the maxi- 
mum Stanton number on the  20' and 30' wedges (see f i g s .  27(a) and 27(b)), even 
though the  trend of the d is t r ibu t ion  i s  not predicted. 
extend t o  approximately the end of the wedge ( see, f o r  example, f i g .  27( c),  
%, = 1.09 X 106), the  theory overpredicts the heating on the wedges. 

A parameter t h a t  i s  of par t icu lar  i n t e re s t  i s  the  maximum heat t ransfer  
on the  wedges. Figure 28 presents the  maximum Stanton number based on experi- 
mental data  measured on the wedge surface f o r  both sharp- and blunt-leading- 
edge models as a function of free-stream Reynolds number based on the  distance 
from the  leading edge of t he  model t o  the  beginning of the  wedge. Transition 
has occurred before the  end of the  wedge f o r  most of t he  data  i n  t h i s  f igure.  
The exceptions a re  the 10' wedge data a t  the low Reynolds numbers which a re  
made so l id  t o  indicate  that they represent laminar o r  very near laminar condi- 
t ions .  The peak Stanton number increases with increasing Reynolds number u n t i l  
t he  flow becomes suf f ic ien t ly  t r ans i t i ona l  that the  peak Stanton number 
decreases w i t h  increasing Reynolds number. 
than 100, the  flow along the  wedge has become suf f ic ien t ly  t r ans i t i ona l  at  the 
lowest Reynolds number tha t  the  peak Stanton number decreases with increasing 
Reynolds number. The prediction of the  maximum Stanton numbers on wedges i s  
d i f f i cu l t ;  however, i n  the following discussion it w i l l  be shown t h a t  i f  the  
proper c lass i f ica t ions  of the  flow are  made, reasonable estimations of t he  
values and trends can be obtained. 

An inspection of 

When laminar conditions 

I n  general, f o r  wed.ge angles greater  



The r e su l t s  of reference 12 have shown tha t  the method of Bertram and 
Fe l l e r  i n  reference 24 gives a good prediction of the heating r a t e s  on wedges 
f o r  pure laminar flow at  high Mach numbers (of the  order of 14) .  This method 
w a s  o r ig ina l ly  derived i n  reference 24 by using the  hypersonic s imi la r i ty  
theory t o  predict  the  heat t r ans fe r  on p la tes  a t  angle of a t tack.  
Stanton number on wedges calculated by t h i s  method f o r  laminar flow using the  
equation 

The m a x i m u m  

NSt = NSt,$=O K3 p ii" w, $=o 

are shown i n  f igure  28. I n  t h i s  equation, K3 i s  a function of t he  pressure 
gradient over t he  wedge; however, f o r  the  calculations shown i n  f igure 28, 

w a s  taken as unity.  

inviscid two-dimensional value. The r e su l t s  of a comparison of these calcula- 
t ions  with the 100 wedge experimental data i n  f igure 28 for laminar conditions 
show tha t  the  theory gives a reasonably fair  prediction of the data  f o r  both 
the  sharp- and blunt-leading-edge models. 

K3 
was taken as the theore t ica l  PW The pressure r a t i o  

pw, #=o 

Because of the  agreement obtained between t h i s  method and the  data i n  f ig -  
ure  28, equation (7) i s  a l so  used i n  f igures  24(d) and 27(c) t o  calculate  the 
l o c a l  Stanton number on the  wedges f o r  several  cases where the flow i s  st i l l  
laminar a t  the r e a r  of the  wedge. Two values of K3 were used, 1.0 and 1.4, 
the  l a t t e r  being the  approximate value obtained from the  experimental pressure 
data. (However, it should be mentioned t h a t  the  experimental pressure dis t r ibu-  
t i ons  obtained were not suf f ic ien t  t o  obtain a very exact value of t h i s  param- 
e t e r  because of the s m a l l  number of o r i f i ce s  and the  inaccuracy of the pressure 
measurement at the lowest pressure.) The measured pressures were also used i n  

equation (7) t o  evaluate the  parameter 

of t he  l o c a l  Stanton numbers on the  wedge i s  obtained by these calculations, 
but t he  agreement i s  not as sa t i s fac tory  as t h a t  obtained i n  reference 12. 

pw . A reasonably good prediction 
pw, f=o 

Also shown i n  f igures  24(d) and 27(c) i s  the theore t ica l  laminar Stanton 
number d is t r ibu t ion  f o r  R, = 1.1 x lo6 per foot 
boundary layer  begins at  the  leading edge of the wedge and t h a t  t he  loca l  Mach 
number i s  tha t  value obtained by taking the  loca l  flow through a loo turning 
angle. This method of prediction great ly  overpredicts t he  experimental r e su l t s  
f o r  t h e  blunt-leading-edge p l a t e  and does not give nearly as good prediction as 
those obtained from equation (7). 

obtained by assuming tha t  the 

Since the flow was t r ans i t i ona l  o r  turbulent a t  the beginning of the 
wedge f o r  most of t he  20' wedge data presented, the approximate peak Stanton 
number d i s t r ibu t ion  f o r  a 20° wedge obtained by converting the turbulent 
f l a t -p l a t e  theory f o r  (as obtained by the method reviewed i n  appen- 
d ix  A of t h i s  paper) t o  a value f o r  i s  shown i n  f igure 28. It was 
assumed t h a t  the  loca l  Stanton number remains constant across the junction of 

$ = 0' 
j$ = 20' 
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t h e  p la te  and the  wedge. 
and appendix B. ) 
considerably. 

(Calculations were similar t o  those of equation ( 5 )  
This method underpredicts the  experimental r e su l t s  

A s  was mentioned ear l ie r ,  the  calculations of Stanton number d is t r ibu t ion  
on the  wedge surfaces f o r  turbulent flow, the  v i r t u a l  or igin assumed t o  begin 
at  the  wedge-plate junction, i n  general gave a good approximation of the peak 
Stanton number on the  wedge although the  trends of the prediction of t he  loca l  
d i s t r ibu t ions  did not agree with those of the  data. The maximum Stanton number 
on the  wedges i n  the  region where the  thermocouples a re  located’as  predicted by 
t h i s  method a re  shown as a crosshatched region i n  f igure 29. I n  f igure 2g(a), 
t h i s  method i s  seen t o  give a good approximation of the  maximum Stanton number 
based on experimental data f o r  the loo, 20°, and 30° wedges f o r  the  sharp 
leading edge. For the  40° wedge the  theory s l igh t ly  underpredicts the  experi- 
mental r e su l t s .  
bes t  predicts t he  data f o r  the  20° wedge. For the  loo wedge, the  theory over- 
predicts  t he  m a x i m  Stanton number primarily because of t he  laminar o r  near 
laminar conditions of t he  loca l  flow f i e l d  on the  wedge. For the  30° wedge, 
t he  theory s l igh t ly  underpredicts the  experimental resu l t s ,  although the theory 
does give a good representation of the  t rend of the  data  with increasing 
Reynolds number. 

For the blunt-leading-edge r e su l t s  of f igure 29(b), the theory 

Calculation of Stanton numbers on wedges from experimental data.- The 
Stanton numbers on the  wedges based on experimental data which have been pre- 
sented i n  t h i s  report were determined by assuming a Mach number which w a s  cal- 
culated from experimental pressure data and an assumed t o t a l  pressure of t h a t  
f o r  the  f l a t  p l a t e  undisturbed by the wedge. 
assumed loca l  Mach number of the  flow of s l i gh t ly  greater  magnitude than the 
ac tua l  flow conditions. 
sure conditions by assuming t h a t  t he  flow along the  wedge is inviscid, t he  
resul t ing l o c a l  Mach number being determined by t h i s  t o t a l  pressure and the  
experimental l oca l  pressure data.  
f igure  30 under t h i s  assumption. 
o r  30 i s  s t r i c t l y  correct par t icu lar ly  f o r  the  case of separated flow. 
the  two techniques should give the upper and lower bounds of the  Stanton num- 
bers  based on experimental data. 
with theore t ica l  predictions. However, comparison of f igures  29 and 30 shows 
t h a t  there  i s  l i t t l e  difference ( l e s s  than 10 percent) i n  the  values of the  
NSt 

This assumption r e su l t s  i n  an 

Another technique would be t o  obtain the t o t a l  pres- 

The r e su l t s  of f igure 29 a re  replot ted i n  
Neither of the  techniques used i n  f igures  29 

However, 

The data  of f igure 30 show the  best  agreement 

calculated by the two techniques. 

CONCLUSIONS 

An extensive experimental investigation of heat t ransfer  w thin regions 
of separated flow forced by forward- and rearward-facing s teps  and by loo, 20°, 
30°, and 40° wedges on sharp- and blunt-leading-edge f l a t -p l a t e  models over a 
un i t  free-stream Reynolds number range of approximately 1 x  10 6 t o  8 x 10 6 per 
foot and a t  a free-stream Mach number of 6 with a wall-stagnation temperature 
r a t i o  of approximately 0.55 has yielded the  following conclusions: 



1. The t rends of heating rates within regions of laminar, t r ans i t i ona l ,  
and turbulent separation may be characterized by typ ica l  dis t r ibut ions,  gener- 
a l l y  independent of model geometry, except t o  the extent tha t  t he  model-geometry 
var ia t ions  a f f ec t  t h e  locat ion of t r ans i t i on .  
laminar o r  turbulent separation, t h e  l o c a l  heating rate i n  the  separated region 
is, respectively, less than o r  grea te r  than t h a t  f o r  a f l a t  p l a t e  without 
separation. For t r a n s i t i o n a l  separation, t h e  l o c a l  heating rates decrease 
below t h e  f l a t -p l a t e  values u n t i l  t r a n s i t i o n  occurs and then increase rapidly 
t o  values above those of t h e  f la t  p la te .  

That is, f o r  the case of pure 

2. The r a t i o  of t he  integrated heating rate i n  a separated region forced 
by a forward-facing s tep  t o  t h e  integrated heating rate i n  t h e  same region with 
attached flow can vary from approximately 0.5 f o r  laminar separation t o  2 o r  
g rea t e r  f o r  t r ans i t i ona l  o r  turbulent separation. 

3 .  Although incomplete knowledge of t h e  separation mechanism has prevented 
t h e  development of t heo re t i ca l  heat- t ransfer  calculat ions based on firm ra t iona l  
conditions, a meaningful analysis  of t h e  da ta  can be made i f  the  flow i s  first 
c l a s s i f i ed  as pure laminar, t r ans i t i ona l ,  o r  turbulent .  Trends and values of 
many of t h e  heat-transfer parameters can then be m a d e  by using existing heat- 
t r a n s f e r  calculat ions based on the  reference-temperature method. The inte-  
grated heating-rate r a t i o  f o r  laminar separation i s  w e l l  predicted by Chapman's 
theory. The magnitude of t h e  integrated heating-rate r a t i o  f o r  turbulent sepa- 
r a t ion  i s  predicted by the assumption that the  l o c a l  Stanton number remains 
constant streamwise across the  separation region when the  l o c a l  ve loc i ty  and 
densi ty  outside t h e  separated region were obtained from previous turbulent sep- 
a ra t ion  equations. The assumptions of constant l o c a l  Stanton number across the 
separation point and of pressures within the  separation region equivalent t o  
those predicted by previous turbulent separation s tudies  a l so  give fa i r  pre- 
d ic t ions  of t he  values of the 1ocal.Stanton numbers i n  regions of turbulent 
separation forced by forward-facing steps.  However, t he  theory underpredicts 
t he  maximum l o c a l  values very near t he  s tep  where the pressures are high. 

4. The experimental data show a la rge  var ia t ion  of the l o c a l  heating values 
and t h e  locat ion of t h e  maximum heating rates on t h e  surface of wedges a t  var i -  
ous angles depending upon t h e  posi t ion of t r ans i t i on .  The assumption t h a t  the 
v i r t u a l  or ig in  of t h e  boundary layer  i s  located a t  t h e  junction of t h e  wedge 
and t h e  p l a t e  gives a very good approximation of t h e  l o c a l  Stanton number dis- 
t r i bu t ion  on a wedge f o r  turbulent  conditions without separation when the  pres- 
sure  on t h e  wedge i s  taken as t h e  theo re t i ca l  inv isc id  two-dimensional value. 
For t r a n s i t i o n a l  flow nearing laminar conditions w i t h  separation upstream of 
t h e  wedge, t h i s  assumption gives a good approximation of t h e  maximum heating 
rate even though t h e  locat ion of t h i s  m a x i m u m  heating rate on t h e  wedge i s  not 
predicted.  For laminar conditions, a previous equation derived from the hyper- 
sonic s imi l a r i t y  theory f o r  p l a t e s  a t  angles of a t tack  predic t s  reasonably w e l l  
t h e  heat t r ans fe r  on wedges. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., June 22, 1965. 

26 



APPENDIX A 

REVIEW OF HEAT-TRANSFER EQUATIONS FOR FLAT P M E  

There are many methods avai lable  f o r  t h e  theo re t i ca l  calculation of t h e  
Stanton number on a f la t  p la te .  In  t h i s  analysis, t h e  T '  method of Monaghan 
(refs. 25 and 26) has been employed. From reference 27 t h e  T '  equation may 
be wr i t ten  as 

T I  = AITw + To(l - A 1  i- A2 - ' - MO2) 2 

The Stanton number may be determined from the  modified Reynolds analogy 

where t h e  Prandtl  number Npr i s  based on T '  conditions. 

Laminar  Boundary Layer 

For the  case of a laminar boundary layer, t h e  coef f ic ien ts  of equa- 
t i o n  ( A l )  ( see  re f .  25) become 

A 1  = 1 - 0.468(Npr) 113 7 
By using the  Blasius equation f o r  laminar flow, equation (A2) becomes 

where NSt 
and t h e  conversion parameter from T '  reference conditions t o  free-stream con- 
d i t i ons  C' i s  given by 

i s  based on free-stream conditions for d i r e c t  comparison w i t , ,  da ta  
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APPENDIX A 

Turbulent Boundary Layer 

For t h e  case of a turbulent boundary layer,  t h e  coeff ic ients  of equa- 
t i o n  (Al) (see ref. 28) become 

4 

A2 = 0.142 

A1 = 0.34 

The Karman-Schoenherr equations were used t o  determine t h e  loca l .  skin-fr ic t ion 
coeff ic ient  as follows. 
discussion . ) (See ref. 29 f o r  a p lo t  of these parameters and fu r the r  

where 

‘f TI 1 
J= 
C F , T ~  1 + 3.59iG 

and Cf,Tt may be converted t o  free-stream conditions as follows: 

‘f,T’ Cf = 
T ‘ P o  

and f i n a l l y  t h e  Stanton number i s  determined by modifying equation (A2), by 
basing NSt on free-stream conditions so t h a t  

where Cf i s  determined by equation (AlO). The dis tance xv of equation ( A 8 )  
i s  defined as the  dis tance from t h e  v i r t u a l  or igin.  I n  t h i s  paper, t h e  v i r t u a l  
or ig in  f o r  t h e  f lat  p l a t e  with undisturbed flow w a s  defined as the  point at  
which laminar flow ends as determined by t h e  surface heat- t ransfer  rates. (See 
ref. 29 and r e f .  18, f o r  fu r the r  discussion.)  For t h e  f l a t  p l a t e  with rough- 
ness, t he  v i r t u a l  or ig in  w a s  assumed t o  be located a t  t he  roughness posit ion.  
(See ref. 18.) 
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APPENDIX B 

C A L m I O N  AND CONVERSION OF STANTON NUMBERS BASED ON 

LOCAL TURBULF3lT CONDITIONS TO FREE-STREAM CONDITIONS 

This appendix gives an example of t h e  method used f o r  t h e  calculat ion and 
conversion of Stanton numbers based on l o c a l  turbulent conditions t o  free- 
stream conditions f o r  wedges and f o r  separation forced by s teps .  

Turbulent Stanton Number Distr ibut ion on Wedges 

Consider a flat-plate-wedge model combination with regions of flow as 
indicated below 

I n  order t o  calculate  t h e  turbulent Stanton number d i s t r ibu t ion  on wedges t h e  
boundary-layer "v i r tua l  origin" i s  assumed t o  be located a t  the  wedge-plate 
junction. The l o c a l  Reynolds number based on t h e  dis tance from t h e  v i r t u a l  
or ig in  i n  region 3 can be wr i t ten  i n  terms of t h e  known conditions i n  region 2 
as 

where 
undisturbed boundary layer  i n  region 2. 
regions 2 and 3 indicated on sketch.) 

Ro,2  i s  the  un i t  Reynolds number per  foot  a t  t he  outer edge of t h e  
(The subscr ipts  2 and 3 denote 

If 7 i s  assumed t o  be 1.4 and the  Sutherland v iscos i ty  equation i s  used, 
equation ( B l )  can be rewri t ten i n  t h e  form 

where T i s  given i n  OR. Final ly ,  by combining equation (B2) w i t h  t he  equa- 
t i ons  presented i n  appendix A f o r  a turbulent  boundary layer,  Stanton number can 
be determined a t  any 
t i ons  o r  t ab le s  being used t o  solve equation (B2)). 

x, pos i t ion  based on conditions i n  region 3 (shock equa- 
(See, f o r  example, ref. 30.) 
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The Stanton number calculat ions based on conditions i n  region 3 can then be 
converted t o  free-stream conditions f o r  d i r ec t  comparison with experimental 
data  as follows: 

theref  ore, 

if it i s  assumed t h a t  the  spec i f ic  heat i s  constant i n  a l l  regions. Equa- 
t i o n  (a) may be rewri t ten i n  terms of pressure, temperature, and Mach number 
as 

For t he  case of a blunt-leading-edge plate ,  t he  Mach number and Reynolds 
number i n  region 2 were determined by assuming t h a t  a l l  l o c a l  flow had passed 
through a normal shock and t h a t  t he  s t a t i c  pressure i n  region 2 w a s  constant 
and equal t o  t h e  free-stream pressure. 

Stanton Number i n  Regions of Separation 

For t h e  predict ion of Stanton numbers i n  a separated region forward of a 
s t ep  or wedge, equation ( B 5 )  w a s  a l so  used. However, t h e  wedge angle $ w a s  
replaced by t h e  separation angle of t he  flow as predicted by equation (6 )  i n  
order t o  determine t h e  conditions i n  region 3. 
under these conditions. Rather, it w a s  assumed t h a t  t he  l o c a l  Stanton number 
remained constant across regions 2 and 3 (see  eq. (5 ) ) .  Therefore, t he  l o c a l  
Stanton number w a s  calculated f o r  region 2 at  the  separation point by the  
methods reviewed i n  appendix A. The l o c a l  d i s t r ibu t ion  of Stanton number within 
the  separation region i s  then found by the  normal dependence of 
Reynolds number where the  l o c a l  Reynolds number i s  assumed t o  be t h a t  along a 
wedge whose angle i s  equal t o  t h e  separation angle. 

Equation (B2) w a s  not used 

NSt on 
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Figure 1. Models. All  l inear  dimensions are in inches. 
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Figure 1.- Continued. 
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Figure 1.- Continued. 
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Figure 1.- Concluded. 
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